abstract methionine (met) plays many important metabolic functions in humans and animals, and therefore may be classified as a functional amino acid (AA). Functional AAs are defined as those AAs that participate in and regulate key metabolic pathways to improve health, survival, growth, development, and reproduction of organisms. As the first-limiting AA in poultry diets, Met affects poultry production parameters such as body weight gains, feed conversion ratio and carcass quality. The results of many experiments on chickens fed diets with different levels of Met (from 0.3 to 1.2% in the starter period, and from 0.3 to 0.9% in the grower period) indicate that commercial broiler chickens do not require more than 0.50 and 0.38% Met in starter and grower diets, respectively, for optimum growth and feed efficiency, whereas higher inclusion rates of Met are needed to stimulate immune responses. The results of recent experiments on chickens are insufficient to define the optimal dietary levels of Met, which has been shown to exert immunostimulatory activity. A few experiments on layer hens have demonstrated that met requirements for immune competence are higher than for optimum production, but the inclusion levels of this aa needed to stimulate the immune system of birds have not been defined. In the absence of such research, it remains unknown whether feeding growing turkeys diets supplemented with met above Ncr recommendations, as suggested by B.U.T. (British United Turkeys), stimulates the immune system of birds.
In intensive poultry production systems, birds selected for a fast growth rate are raised in confinement at high stocking density. It is estimated that 85 to 90% of performance gains are due to genetic selection, whereas the other 10 to 15% are the consequence of improvements in nutrition and other management practices (Havenstein et al., 2003) . However, selection for growth rate and feed efficiency has resulted *This study was financed from statutory activity, project No. 0104-0818. in a number of negative effects such as reduced resistance to disease (Emmerson, 1997; Leshchinsky and Klasing, 2001 ) and increased susceptibility to heat stress, which adversely affect the welfare and productivity of poultry (Lara and Rostagno, 2013) . Another important consideration is that selection for more effective immune responses results in diminished growth and egg production (Mashaly et al., 2000; Klasing, 2004) .
Under high stocking density, birds are exposed to numerous airborne, food-borne and waterborne potentially pathogenic agents, transmitted via direct contact between birds. Viral and bacterial diseases remain a threat to the poultry industry, and countermeasures to prevent and control them are needed due to production losses. Thus, efforts have been made to increase bird resistance to pathogens (Kogut, 2009 ). Previous research has shown that active modification of chicken gut microbiota may accelerate the maturation of the gut immune system and increase its resistance to infections caused by different pathogens (Crhanova et al., 2011) . It is known that some dietary components, such as herbal supplements, can act as an immuno-stimulator in poultry (Hashemi and Davoodi, 2012) .
The avian immune system, divided into non-specific and specific immune mechanisms, plays an important role in defence against pathogens, including viruses, bacteria, pathogenic fungi and parasites. Specific immunity includes humoral immunity that involves the synthesis of specific antibodies by B cells (Sproul et al., 2000) and cell-mediated immunity that involves T cells (Radoja et al., 2006 ). An important component of the body's immune system in humans and animals is gut-associated lymphoid tissue (GALT) (Wershil and Furuta, 2008) . Therefore, nutrition plays an important role in the innate immune response to infections in poultry (Kogut, 2009) .
Numerous studies in humans (Grimble, 1998; Li et al., 2007; Wu, 2010 Wu, , 2013 Ruth and Field, 2013) suggest that natural diet ingredients, such as AAs, can stimulate the immune system and improve health. According to Ruth and Field (2013) , GALT function is significantly affected by the levels of certain AAs in the diet: glutamine (which reduces inflammation and affects intestinal IgA levels), glutamate (which acts as an immunotransmitter between dendritic cells and T cells), arginine (which reduces inflammatory cytokine levels in the intestines), threonine (necessary for mucin synthesis) and Met+Cys (which reduce intestinal oxidative stress).
Numerous human and animal model studies (Webb et al., 2003; Grimble, 2006; Kim et al., 2006; Li et al., 2007; Fang et al., 2010; Ruth and Field, 2013) have shown that Met is involved in the control of many functions in the body, including participation in protein synthesis in cells of the immune system. Therefore, a similar effect of Met on the immune system of poultry could be expected. The purpose of this review article was to verify the above hypothesis.
methionine metabolism
Around 300 AAs occur naturally, but only 20 of them are involved in protein synthesis. AAs and their derivatives transmit nerve signals, regulate cell growth and participate in the synthesis of porphyrins, pyrimidines and urea (Conde-Aguilera et al., 2013) . As an essential AA, Met interacts with other nutrients involved in metabo-lism (Bunchasak, 2009) and plays a unique role in epigenetic processes by serving as the penultimate methyl donor for mammalian methylation reactions (Waterland, 2006) .
Met is an essential sulfur-containing AA that plays many roles in the body, including (1) participation in protein synthesis and the production of other sulfur-containing amino acids (e.g. homocysteine -a sulfur-containing AA which is an indirect product of methylation and transsulfuration (Troen, 2003) , (2) acting as a precursor of carnitine and glutathione, thus helping protect cells against oxidative stress (Fang et al., 2002; Li et al., 2007) .
Under the influence of methionine adenosyltransferase, Met is converted to Sadenosyl methionine (SAM) (Dunleavy et al., 2006) . SAM is a common co-substrate that supplies methyl groups required for various metabolic processes, including DNA methylation and synthesis of RNA, proteins and lipids (Yasuhiko et al., 1982; Wu et al., 2012) . In the process of methylation, SAM is converted to S-adenosyl-homocysteine in the presence of methyltransferases. Homocysteine, biosynthesized from methionine, can condense with serine to form cystathionine (Wallwork and Duerre, 1985; Waterland, 2006) .
Below is a brief description of Met's metabolic pathway which explains the variety of functions played by this AA in the body (Figure 1 ). (Ito, 1999; Waterland, 2006; Halsted and Medici, 2012) MS -methionine synthase; 5,10-MTHF -5,10-methylenetetrahydrofolate; 5-MTHF -5-methylenetetrahydrofolate; MTHFR -methylenetetrahydrofolate reductase; BHMT -betaine-homocysteine S-methyltransferase; CBS -cystatione-β-synthase Permanent bonds are formed between Met and serine during transsulfuration. This reaction requires cystatione-β-synthase (CBS) and vitamin B 6 as the essential cofactor. Homocysteine is metabolized back to Met in the presence of vitamin B 12 (Waterland, 2006; Halsted and Medici, 2012) . Remethylation requires the presence of MTHRF (methylenetetrahydrofolate reductase) and sufficient quantities of folic acid (Grimble, 2006) . S-adenosyl methionine coordinates transsulfuration and remethylation processes by acting as a CBS activator or an allosteric inhibitor of MTHRF (Brosnan and Brosnan, 2006) .
Met is also an important source of sulfur in the body (Moore et al., 2004; Bunchasak, 2009 ) and, as an endogenous antioxidant, it defends cells against oxidative stress (Luo and Levine, 2009 ).
Nutritional function of methionine in poultry diets
Met and cysteine (Cys) may be considered to be the principal sulfur-containing AAs because they are two of the canonical 20 AAs that are incorporated into proteins (Brosnan and Brosnan, 2006) . From a nutritional point of view, Met is classified as nutritionally essential for animals and humans based on growth or nitrogen balance, whereas cysteine is classified as semi-essential because it can be produced from Met (Grimble, 2006; Baker, 2009; Wu, 2010) . Since the carbon skeleton cannot be synthesized by the body, those AAs must be provided in the diet. Met plays a vital role in all species, and it is essential in poultry nutrition because rapidly growing birds have a high demand for AAs. The Met content of poultry diets should be adapted to the specific requirements of birds to maintain proper AA balance in the body that stimulates growth, maximizes carcass yield, reduces carcass fatness and promotes adequate feed intake to minimize losses and reduce production costs (Bunchasak, 2009; Lemme et al., 2005) . Table 1 presents dietary requirements for total protein, Met and Met+Cys in different poultry groups, according to the recommendations of NRC (1994) and GfE (1999 GfE ( , 2004 , and the Ross (2007) and B.U.T (2012) breeding companies. The GfE recommendations regarding dietary Met levels in chickens (1999) and growing turkeys (2004) are similar to NRC recommendations (1994) . Only in the starter period, GfE (1999) recommends considerably higher dietary levels of Met and sulfur-containing AAs in broiler chickens. In comparison with NRC, GfE recommends the same Met levels and higher Cys levels in grower and finisher diets for broiler chickens, and higher Met levels and lower AA levels in turkey diets. As shown in Table 1 , both companies producing parent stock chickens (Ross) and turkeys (B.U.T) recommend significantly higher levels of Met and Met+Cys than NRC and GfE.
It is generally accepted that Met is the first essential AA in poultry nutrition, which limits the biological value of protein (Meirelles, 2003; Kim et al., 2006; Matsushita et al., 2007) . This is confirmed by Table 2 data which shows the amounts of Met and total sulfur-containing AAs supplied by basic components of poultry diets, including cereals and high-protein feeds such as soybean meal, rapeseed meal and grain legumes. Prior to supplementation with synthetic Met, the levels of this AA in all turkey diets were lower than those recommended by NRC (1994) and B.U.T. et al., 2014 (in press) It is known that dietary Met levels affect growth indicators and the quality of animal carcasses (Hoehler et al., 2005; Koreleski and Świątkiewicz, 2008; Wu et al., 2012) . The results of experiments with different Met levels in broiler chicken diets, discussed in the next section, are inconclusive. Swain and Johri (2000) noted similar body weight gains and feed efficiency in chickens fed starter diets containing 0.37 to 0.87% Met. In other studies (Rubin et al., 2007; Deng et al., 2007) , Met-deficient starter diets (containing less than 0.31% Met) decreased the body weights of chickens, and diets with Met levels increased above the NRC (1994) recommendations did not improve productivity. An increase in Met content from 0.5 to 0.7 and 0.8% did not increase the body weights of chickens and did not improve feed conversion (Elagin and Elzubeir, 2012; Bouyeh, 2012) .
Differences in the estimates of AA requirements in growing turkeys (Table  1) were only partially verified in feed trials. In a study of Waldroup et al. (1997) , whose aim was to evaluate the NRC AA recommendations for Large White turkeys, the effects of feeding diets with eight different AA levels covering 85 to 120% of AA demand determined by NRC (1994) were compared. It was found that diets formulated to provide 105% of the suggested NRC requirements were needed to provide maximum body weight gains, feed conversion, and breast meat yield. Lemme et al. (2005) analysed the responses of 36-to 63-day-old B.U.T. Big 6 turkey toms to graded dietary Met+Cys levels. The cited authors compared the effects of feeding diets with six different Met levels (0, 0.2, 0.4, 0.8, 1.3, 1.8 or 2.4 g/kg) and found that Met+Cys levels needed to ensure the optimal growth of turkeys were higher than 0.80 g/MJ ME, and that different levels of those AAs did not affect feed conversion.
In the above experiments, different Met levels were achieved by supplementing the basal diet with a synthetic source of dietary Met, such as DL-Met or its corresponding hydroxy analog, DL-2 hydroxy-(4-methylthio)butanoic acid (DLHMB). The bioefficiency of DLHMB compared with DL-Met has been the subject of numerous studies and still remains controversial (Martin-Venegas et al., 2006) . A meta-analysis of published experiments (Vedenov and Pesti, 2010) has revealed 79% relative biological efficiency of HMTBA for DL-Met. Some experiments have shown that DLHMTB supplementation improves the oxidative status of broiler chickens (Swennen et al., 2011) and is more efficient in alleviating heatinduced oxidative damage compared with DL-Met supplementation (Willemsen et al., 2011) .
effect of sulfur-containing aas on the immune system of poultry It is known that dietary characteristics can modulate a bird's susceptibility to infectious challenges, and subtle influences due to the level of nutrients or the types of ingredients may at times be of critical importance (Klasing, 1998; Kidd, 2004; Kogut, 2009) . It is likely that nutrients influence several or all aspects of the immune system, including many metabolic pathways. The classic functional measurements of the immune response include serum antibody titres or humoral immune responses to primary or secondary (booster) immunization, blood levels of different lymphocyte subsets as well as serum concentrations of cytokines and other immune mediators, the weights of lymphoid organs, and morbidity and recovery from infectious diseases (Li et al., 2007) .
According to numerous experiments and review articles (Brosnan and Brosnan, 2006; Li et al., 2007; Baker, 2009; Bunchasak, 2009; Mirzaaghatabar et al., 2011; Hosseini et al., 2012; Wu et al., 2012) , many AAs play a dual role, nutritional and immunostimulatory. A new concept of functional AAs has been proposed recently. Functional AAs are defined as those AAs that participate in and regulate key metabolic pathways to improve health, survival, growth, development, lactation, and reproduction of organisms (Wu et al., 2013) . According to this concept, the group of functional AAs is inclusive of essential AAs, but also of conditionally essential and nutritionally nonessential AAs (Table 3) .
According to the classification in Table 3 , the F-AA group includes dietary Met+Cys. Sufficient dietary intake of both sulfur-containing AAs is important for protein synthesis in cells of the immune system (Grimble, 2006) . Cys, however, should not be included in the diet at very high concentrations (Li et al., 2007) . Takahashi et al. (1997) demonstrated that both sulfur-containing AAs (Met and Cys) have a beneficial influence on immune and inflammatory responses. As indicated above, the cited authors used two dietary levels of Cys (0.185 or 0.37%) and found that mononuclear cell proliferation in the spleen induced by concanavalin A in chicks fed the higher-cysteine diet was greater than that in chicks fed the low--cysteine diet. In another experiment (Tsiagbe et al., 1987) , dietary supplementation with Met or Cys was beneficial for the immune system under various catabolic conditions. Increasing dietary levels of Met (from 0.4 to 0.6, 1.2 and 1.8%) in diets fed to chickens infected with the Newcastle disease virus markedly enhanced T cell proliferation in response to mitogen stimulation, and plasma levels of immunoglobulin G. An increased level of dietary Cys (from 0.185 to 0.37%) provided similar effects as Met with regard to the immune responses of chickens. However, high supplemental levels of Met and Cys (1.8 and 0.37%, respectively) were detrimental to the growth and immune responses of chickens. This was probably due to the excess production of highly toxic substances, e.g. homocysteine and sulfuric acid (Wu and Meininger, 2002) . For these reasons, a higher Cys content of the diet is considered to be toxic (Li et al., 2007) .
According to Swain and Johri (2000) , Met plays a key role in the humoral and cellular immune responses of poultry. It is known that AAs are needed for clonal proliferation of lymphocytes, establishment of germinative centres in the bursa of Fabricius to refine immunoglobulin affinity, recruitment of new bone marrow monocytes and heterocytes, and synthesis of effector molecules (immunoglobulins, nitric oxide, lysozyme, complement) and communication molecules (e.g. cytokines and eicosanoids). One of the mechanisms proposed to explain Met interference in the immune system is based on the proliferation of immune cells that are sensitive to intracellular variations in the levels of glutathione and Cys levels, compounds which also participate in Met metabolism (Shini et al., 2005) .
According to Bunchasak (2009) , an increased Met content, above the level required for optimal growth, improves the immune response through direct effects (protein synthesis and breakdown) and indirect effects involving Met derivatives. Since leukocytes are important targets for the action of AAs, of particular interest is the response of the adaptive (acquired) immune system consisting of T cells, B cells and humoral factors (Calder, 2006) . Particular attention is paid to the thymus, which is the site of T cell differentiation and development. Wu et al. (2012) demonstrated that Met deficiency in the diet can impair cellular immune function in broilers by ultrastructural pathological changes in the thymus, decreased T cell populations, reduction in the serum concentrations of interleukine-2 and T cell proliferation through an increase in the percentage of apoptotic cells (Table 4) . Another organ of the immune system in poultry is the bursa of Fabricius -the primary lymphoid organ responsible for the establishment and maintenance of the B cell compartment in avian species. Wu et al. (2013) reported that Met-deficient diets reduced the relative weight of the bursa of Fabricius and the number of lymphocytes in the follicles contributed to mitochondrial swelling, and decreased the proliferation index of lymphocytes. The authors concluded that Met deficiency restrained the development of the bursa of Fabricius and affected the humoral immunity of chickens.
As shown in Table 5 , different levels of sulfur-containing AAs and different criteria for evaluating the immune responses of birds were used in experiments on chickens. Met concentrations in starter diets ranged from 0.3 to 1.2%, and in grower diets -from 0.3 to 0.9%. The immune response was observed mostly at higher dietary Met levels (over 0.5%). According to Swain et al. (2000) , Rama Rao et al. (2003) and Deng et al. (2007) , commercial broiler chickens do not require more than 0.5% Met for optimum growth and feed efficiency in the starter period, but higher Met levels are needed to stimulate immune responses. 0.31, 0.51, 0.66% (starter), 0.29, 0.49, 0.64% (grower) Met concentrations higher or lower than usually adopted in broiler production (0.51 and 0.49%) equally failed to influence the birds' immune humoral response, but the best cell immune response was observed at the intermediate Met level.
Rubin et al., 2007
0.4, 0.5, 0.6, 0.7% (starter) 0.32, 0.40, 0.48, 0.56% (grower) Serum globulin levels on days 21 and 42 showed a significant linear increase, phagocytosis of neutral redtreated peripheral blood lymphocytes was quadratic and lowest in the deficient group. The proliferation of peripheral blood lymphocytes in response to lipopolysaccharide was quadratically influenced, and that of the 120% group on day 21 and the 100% group on day 42 was significantly greater than in the other groups.
Zhang and Guo, 2008
0.3, 0.5, 0.7% Neither total serum primary antibody levels against sheep erythrocytes nor cutaneous toe-web responses to phytohaemagglutinin were affected by supplementary Met. Early-life dietary Met offered beyond the NRCrecommended level had minimal effects on humoral or cell-mediated immunity, but its stimulatory effects on growth rates, and development of the bursa persisted for a short period into a later stage of the chicken's life.
Deng et al., 2007
1.2 or 0.45% (starter) 0.9 or 0.33% (grower) Antibody titres and IgG in chickens by 1.2 and 0.9% Met were significantly higher than low levels of Met.
Significant increases of total leukocyte, percentage of lymphocytes and heterophils were observed in chickens fed high Met levels. Significant changes in the weights of the bursa and spleen were found in this case at 42 days of age. The results indicated that the two highest levels of Lys and Met treatments (0.8 and 0.9) led to a significant increase in blood lymphocytes and a decrease in heterophils and the ratio of heterophils to lymphocytes as a stress index.
Bouyeh, 2012
The results of recent experiments on chickens are insufficient to define the optimal dietary levels of Met, which has been shown to exert immunostimulatory activity. According to some authors (Swain et al., 2000; Rama Rao et al., 2003; Deng et al., 2007; Maroufyan et al., 2010) , the dietary levels of Met recommended by NRC are not sufficient to meet the requirements of modern commercial poultry. However, the above authors have not specified the optimal Met inclusion rates in poultry diets. This problem is illustrated in Table 6 , which shows the results of experiments where Met content varied widely from 0.4 to 0.7% during the starter period and from 0.32 to 0.56% during the grower period. Table 6 data show that an increased Met content of chicken diets did not result in clear, consistent changes in the analysed immunological parameters. The cited authors concluded that 0.4 and 0.32% dietary Met levels (during the starter and grower periods, respectively), were adequate for optimal growth, and that increased dietary levels of Met (in the form of liquid DL-2-hydroxy-4-methylthio butanoic acid) improved feed utilization and humoral and nonspecific immunocompetence of broiler chickens (Zhang and Guo, 2008) .
In a study by Bouyeh (2012), immune system function was improved due to an increase in Met content from 0.50 to 0.65 and 0.70% in the starter period, and from 0.40 to 0.52 and 56% in the grower period. In another experiment (Dahiya, 2007) , an increase in dietary Met levels from 0.40 to 0.80% induced positive changes in the caecal microflora of chickens (reducing the counts of Clostridium perfringens and increasing the counts of Streptococcus). The results of the above study indicate that significant health effects are obtained with very high levels of Met, almost twice higher than those recommended to meet the growth needs of chickens.
In one of the few experiments investigating the response of layer hens to different dietary levels of Met (Panda et al., 2007) , the effects of three different levels of Met (0.30, 0.36 and 0.42%) were compared. It was concluded that Met requirements for immune competence (0.36%) are higher than for optimum production (0.30%). In a later experiment by Hosseini et al. (2012) , six dietary levels of Met (0.2, 0.25, 0.3, 0.35, 0.4 and 0.45%) were compared. Different inclusion rates of Met did not affect cell-mediated responses, Newcastle and bursal disease titres, and IgM, but the total antibody titre against sheep red blood cells and IgG responses were influenced. The above findings can be summarized as follows: Met requirements for settable eggs were similar to those needed for the optimum immune responses. Since settable eggs are an important factor in broiler breeder industries, the authors recommend higher Met content (0.49%) for broiler breeder hens than those needed for optimal egg mass and feed conversion ratio.
One of the few works concerning dietary Met content and turkey resistance to environmental factors was published almost 40 years ago. Murillo and Jensen (1976) demonstrated that the Met requirement for optimum growth, feed efficiency, and prevention of dermatitis was approximately 0.6%, i.e. higher than the contemporary NRC recommendations. Later research has shown that dietary Zink-Met enhances mononuclear-phagocytic function in young turkeys (Kidd et al., 1994; Chien et al., 2006) . The findings of research investigating the impact of the dietary levels of Met and/or other AAs on immune system function in turkeys were published in the last decade.
In the above experiments, the immunomodulatory activity of Met was evaluated relative to the NRC recommendations (1994) . In most cases, the growth performance and productivity of birds did not improve when Met inclusion levels were increased above the NRC recommendations (1994); differences were noted only with respect to immune responses. Thus, it seems important to determine whether the concentrations of Met and other AAs should be increased in poultry diets without the evaluation of immune system parameters. Special attention should be paid to turkeys, due to considerable differences in the recommended Met levels in their diets (NRC, GfE and B.U.T.) and the absence of studies investigating the immune responses of turkeys to different inclusion rates of AAs, in particular Met.
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